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Abstract 
 
Bioaccumulation of As and Pb (toxic elements), and Fe and Mn (micronutrients) 
have been determined in leaves and fruits of two evergreen tree species (Olea 
europaea and Quercus rotundifolia) in a "dehesa" woodland affected by the 
Aznalcóllar mine spill, which occurred on the 25 April 1998. Comparing with 
adjacent non-flooded woodland we have found higher level of As in Olea leaves 
and fruits, and of Fe in Quercus leaves (but lower Mn level). Quercus leaves 
accumulated higher content of As, Pb, Fe and Mn than Olea leaves, partly due to 
a possible external deposition. Fleshy drupes of wild Olea (important component 
of the diet of many birds) showed toxic levels of As (up to 18 mg kg-1) and Pb (up 
to 35 mg kg-1) in 1999 but decreased in 2000. A monitoring of trace element 
concentration in leaves and fruits of polluted trees is recommended. 
 
 
 
Some heavy metals, such as iron and manganese, are essential micronutrients 
for plants, but they can have toxic effects if they reach high concentrations in the 
environment. Other heavy metals, such as lead, and metalloids such as arsenic, 
have no use for the plant functioning and cause toxic effects even at low 
concentrations. Trees are long-lived organisms which can uptake and 
accumulate trace elements in their leaves and bark, and therefore can be used 
as bioindicators of chemical pollution of soil and atmosphere. In addition, their 
fruits are key elements in the trophic web and need to be carefully monitored in 
polluted environments. 
 
The Aznalcóllar pyrite mine accident occurred on 25 April 1998; about 5 million 
m3 of water and sludge were discharged, and 4286 ha in the Guadiamar 
floodplain (south Spain) were affected (Grimalt et al., 1999). Remediation 
operations have included the removal of the sludge and part of the superficial soil 
layer, as well as several amendments to increase pH and to immobilise heavy 
metals. Despite these clean up operations, three years later, soil remains 
contaminated in many parts of the affected area (Ayora et al., 2001).  
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Here we present the concentration of the micronutrients Fe and Mn as well as of 
the potentially toxic elements As and Pb, in leaves and fruits of evergreen trees 
(Olea europaea and Quercus rotundifolia). We compare a site affected by the 
spill with a control site nearby (upper terrace) that was not flooded. We study the 
temporal evolution of the pollution levels in leaves and fruits during three 
consecutive years: 1998, 1999 and 2000. 
 
 
Material and Methods 
 
Sampling of plant material was carried out on early autumn 1998, 1999 and 2000 
(6, 18 and 30 months after the spill, respectively). Ten trees of Olea europaea L. 
(wild olive) and ten of Quercus rotundifolia Lam. (holm oak), growing in a 
savanna-like woodland near the Guadiamar river (37º 27´ N  6º 13´ W,  4.5 km 
from the tailing dam) were selected and marked. Half of the trees were in a lower 
river terrace flooded by the spill and the other half in a nearby upper terrace, not 
flooded. Trees were about 40 m apart. 
Samples of leaves and fruits were taken from the south-exposed tree canopy, 
transported to the laboratory, and there washed, dried and grounded (see 
Madejón et al., 2002, for more details). We used only the cotyledons of Quercus 
fruits and only the pulp of Olea fruits for chemical analyses. After wet oxidation of 
the samples with concentrated HNO3, Fe and Mn were analyzed by ICP-OES, 
while As and Pb were analyzed by ICP-MS. The accuracy and precision of the 
analytical method was assessed by comparison with the results obtained for two 
BCR (Community Bureau of Reference) samples (see values in Table 1 of 
Madejón et al., 2002). 
 
Soil samples were taken (on February 2000) underneath the canopy of each tree, 
at 0-25 cm and 25-40 cm depth. Available trace elements were determined by 
using a 0.05 M EDTA solution and ICP-OES determination. 
 
The Student t-test was used to assess differences in the concentrations of trace 
elements in plants and soils, between the control and the affected area. In the 
case of As and Pb, differences between the two years studied were also 
assessed by the Student t-test. In the case of Fe and Mn, differences between 
the three years studied were assessed by multiple comparison of means (Tukey 
test) after previous analysis of variance. A significance level of p<0.05 was used 
through the study. When the normal test failed (Kolmogorov-Smirnov test), the 
variables were logarithmically transformed; the normality was then passed in all 
cases. 
 
 
Results and discussion 
 
The mine spill induced a significant increase of the concentration of trace 
elements in soils and plants of the affected sites. 
 
Soils. Soil samples in the lower (flooded) terrace had a lower pH and a higher 
availability of As (x 5), Pb (x 3), Fe (x 4) and Mn (x 1.5) in the superficial layer, 
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compared to the soils of upper terraces (Table 1). Even higher differences were 
found for Zn and Cd (40 times, at 25 – 40 cm depth; data not shown). 
 
In general, the soils of the Guadiamar floodplain which were affected by the mine 
spill, still remain polluted by trace elements, despite the clean up and remediation 
operations carried out in this area (Ayora et al., 2001; see review in Cabrera et 
al., 2005). The sites here studied reflect this general situation. 
 
 
Table 1. Soil pH and available (EDTA) concentration (mg kg-1) of elements in affected 
(flooded terrace) and control (upper terrace) sites. Mean values ± standard error for n=10. 
Significant differences between sites (p<0.05) are marked with asterisks. 
 
Depth 
(cm) 
Site pH As Pb Fe Mn 
0-25 Affected 4.1 ± 0.2* 3.8 ± 1.5* 44.3 ± 5.5* 908 ± 233* 359 ± 23.7* 
 Control 5.6 ± 0.1 0.7 ± 0.3 15.9 ± 2.3 219 ± 23 244 ± 20 
       
25-40 Affected 4.5 ± 1.0* 1.0 ± 0.3* 34.8 ± 6.3* 591 ± 247* 257 ±18* 
 Control 5.7 ± 0.2 0.4 ± 0.1   9.3 ± 1.6 106 ± 7 190 ± 20 
 
  
 
Table 2. Concentration of mineral elements (mg kg-1 of dry matter) in leaves of Olea 
europaea and Quercus rotundifolia from affected (A) and non-affected (control, C) soils. 
Mean values ± standard error (n=5). Asterisks mean significant differences between sites 
(p<0.05), and values followed by different letters mean significant differences between 
years for polluted trees (p<0.05). 
 
SPECIES YEAR SITE  Fe Mn As Pb 
Olea europaea 
 1998 A 293 ± 30.2 a 56 ± 14   a - - 
  C 225 ± 21.5 34± 2 - - 
       
 1999 A 131 ± 13    b 81 ± 21   a 1.3 ± 0.2  * a 4.9 ± 0.9 b 
  C 107 ± 24 31 ± 4 0.3 ± 0.1  2.7 ± 0.5 
       
 2000 A 107 ± 7      b 131 ± 41 a 0.9 ± 0.1  * a 2.6 ± 0.2  a 
  C 95 ± 8 31 ± 4 0.3 ± 0.03 2.7 ± 0.3 
       
Quercus rotundifolia    
 1998 A 2852 ± 463 * a 562 ± 134 *a - - 
  C 1466 ± 230 1202 ± 200 - - 
       
 1999 A 1744 ± 304  a b 765 ± 158    a 14 ± 3      a 30 ± 8       a     
  C 1386 ± 341 1417 ± 355 10 ± 3 21 ± 5 
       
 2000 A 574 ± 90    b 847 ± 181   a 2.8 ± 0.5  b 8.2 ± 1.1 b 
  C 512 ± 34.0 1037 ± 238 2.1 ± 0.3 7.8 ± 0.6 
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Tree leaves. In general, the concentration of micronutrients Fe and Mn in 
Quercus leaves were much higher than in Olea leaves (Table 2). The temporal 
evolution patterns were contrasted between Fe and Mn (Figure 1). Olea leaves 
showed a decrease in Fe concentration with time, but Mn level increased in the 
same period (4 times higher than control for year 2000 samples, Figure 1). 
Quercus leaves showed a significant reduction in Fe concentration from 1998 to 
2000 in affected sites (not different from control in the years 1999 and 2000); 
while Mn slightly increased but with lower concentration than in control sites 
(Figure 1). 
 
Arsenic concentration in Olea leaves in the affected sites was higher than in 
control (Table 2), although the pollution level decreased with time. Quercus 
leaves showed relatively high concentration of As in 1999 (above phytotoxic 
levels; 11 times than in Olea), but decreased sharply for year 2000 samples 
(Table 2). Lead concentration in leaves showed a similar pattern: higher values in 
Quercus than in Olea, and a decreasing trend with time in the polluted soils 
(Table 2). 
 
 
 
Figure 1. Temporal evolution of Mn and Fe concentration in leaves of Quercus 
rotundifolia (circle) and of Olea europaea (triangle). Mean and s.e. (n=5) of the 
samples of each year in the affected soils, and of combined control samples 
(n=15 for the 3 years, same symbol but in white) are indicated.  
 
 
Plants may uptake metals by roots or by leaves. This uptake will increase with 
the increasing metal concentration in the external medium (Greger, 1999). In the 
case of the Guadiamar river valley, the atmospheric deposition of trace elements 
on leaves, stems and fruits of tree species was important during the soil clean up 
operations. The cloud of dust (Querol et al., 1999) probably also affected the 
trees in upper terraces, not directly flooded by the spill. The separation between 
elements uptaken after airborne deposition from those translocated from roots to 
leaves is difficult (Bargagli, 1998). Despite the external decontamination of plant 
samples applied previous to the chemical analysis (see Madejón et al., 2002), 
there are always remnant of dust, in particular in the spiny and tomentose 
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(beneath) leaves of Quercus (see methodological discussion in Jones and Case, 
1990). However, an important reduction in external contamination of Quercus 
leaves seems to have occurred from year 1998 to 2000, reinforcing the general 
decrease in pollution level with time (Table 2 and Figure 1). 
 
Heavy metals such as Fe and Mn have important physiological roles as 
micronutrients in plants. However, their excessive concentration in plant tissues 
may cause phytotoxicity.  
 
Trees in the genus Quercus are known for the accumulation of Mn in their leaves 
(Bargagli, 1998), for example, 1830 mg kg-1 in Quercus suber in a pyrite mining 
area (Soldevilla et al., 1992), and up to 1200 mg kg-1 in Quercus canariensis in 
sandstone-derived soils (Marañón et al., unpublished). 
 
The temporal reduction in the concentration of As and Pb in Quercus leaves may 
also reflect a progressive diminution in external contamination due to the dust 
clouds produced during soil cleaning up operations; e.g. 5 times lower As, and 3 
times lower Pb in 2000 compared to 1999 (Table 2), as discussed above. 
 
Tree fruits. The concentration of micronutrients (Fe and Mn) and toxic elements 
(As and Pb) was lower in fruits than in leaves, with the exception of As and Pb in 
fruits of Olea collected in 1999 (but not in 2000).  
 
 
Table 3. Concentration of mineral elements (mg kg-1 of dry matter) in fruits of Olea europaea 
and Quercus rotundifolia from affected (A) and non-affected (control, C) soils. Mean values ± 
standard error (n=5). Significant differences between affected and control sites are marked 
with asterisk, and between years in polluted trees by different letters (p<0.05). 
 
SPECIES YEAR SITE  Fe Mn As Pb 
Olea europaea     
 1998 A 6.4 ± 2.9   a 3.8 ± 0.9  b - - 
  C 25.6 ± 2.7 2.9 ± 0.5 - - 
       
 1999 A 31.5 ± 0.3  a 10.3 ± 3.6  a b 4.16 ± 3.57  a 8.1 ± 6.9    a 
  C 29.5 ± 0.3 10.2 ± 3.9 1.71 ± 0.88 4.7 ± 2.7 
       
 2000 A 18.4 ± 2.9  a 16.0 ± 4.1 a 0.24 ± 0.05 * a 0.3 ± 0.04  a 
  C 36.5 ± 7.4 4.7 ± 0.6 0.09 ± 0.01  0.4 ± 0.05 
       
Quercus rotundifolia     
 1998 A 15.8 ± 0.9  a 80.7 ± 28.6 a - - 
  C 13.1 ± 1.4 86.6 ± 11.8 - - 
       
 1999 A 13.8 ± 0.9  a 44.9 ± 8.9 a 0.03 ± 0.005 a 0.04 ± 0.03 
  C 13.2 ± 2.7 51.0 ± 4.6 0.04 ± 0.01  0.16 ± 0.15 
       
 2000 A 11.5 ± 2.2  a 91 ± 13    a 0.03 ± 0.007 a 0.07 ± 0.03  
  C 10.2 ± 0.9 125 ± 17 0.03± 0.008 0.04 ± 0.08 
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Figure 2. Temporal evolution of As and Pb concentration in fruits of Quercus 
rotundifolia (circle) and of Olea europaea (triangle). Mean and s.e. (n=5) of the 
samples of each year in the affected soils, and of combined control samples 
(n=15 for the 3 years, same symbol but in white) are indicated. 
 
 
This high concentration of As and Pb in 1999 could indicate a noticeable external 
contamination by dust in the surface of Olea fruits (washed but not peeled). In 
general, the translocation of nutrients to the fruits via phloem is very selective 
and tend to exclude toxic elements (Ernst et al., 1992). 
 
The levels of Fe and Mn in fruits of Olea and Quercus growing in contaminated 
sites were, for the period of time studied, below the threshold values causing 
toxic effects for human and animals (see Table 4). However, seeds of Quercus 
(acorns) accumulated high level of Mn in their tissues. 
 
The high concentration of As and Pb in the mine spill originated public concern 
because of their known toxicity and the possible effects on human and animals. 
However, the level of As and Pb determined in the fruits of wild olives and holm 
oaks growing in the contaminated soils are lower than the threshold values 
causing toxicity in sheep, swine and livestock (see values in Table 4). The 
concentration of trace elements in olea fruits tend to decrease with time (Figure 2). 
 
The external contamination by dust (originating during the cleaning operations) 
on the fruits (fleshy drupes) of wild olives may have had negative effects on 
birds feeding upon them. For example, some fruits harvested in 1999 showed 
very high values of As (up to 18 mg kg-1) and Pb (up to 35 mg kg-1), even after 
receiving washing treatments in the laboratory. 
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Table 4. Normal ranges in plants (dry foliage; mg kg-1), phytotoxic concentrations and 
toxic levels for livestock (mg kg-1 dry diet) of As, Fe, Mn and Pb, according to Chaney 
(1989) and Kabata-Pendias and Pendias (1992). 
 
Maximum levels tolerance ELEMEN
T 
Normal levels  Phytotoxic  
levels Cattle Sheep Swine Chicken 
       
As 0.01 - 1 3 - 10 50 50 50 50 
Pb 2 - 5 30 - 300 30 30 30 30 
Fe 30 - 300 >500  1000 500 3000 1000 
Mn 15 - 150 400 - 2000 1000 1000 400 2000 
 
 
 
In natural conditions (unwashed fruits) the concentration of As and Pb should 
have been even higher and most probably caused some toxic effects on wild 
birds (domestic animals have been excluded from the contaminated area). 
Fortunately, this risk has decreased with time and the pollution values in fruits for 
year 2000 were much lower (Table 3). Nevertheless the temporal evolution of 
trace elements in fruits should be monitored in the future, to confirm this 
decreasing trend. 
 
In summary, the Aznalcóllar mine spill induced a higher accumulation of As in the 
leaves and fruits of wild olives, which were flooded compared to adjacent non-
flooded trees. Leaves of holm oak had a relatively higher concentration of As and 
Pb, partly due to a possible external deposition. The contaminated leaves and 
fruits could be ingested by birds and insects; therefore the trace elements As and 
Pb could enter the trophic web and cause toxic symptoms. However, there is a 
decreasing trend in the accumulation pattern with time and continuous monitoring 
is needed. 
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